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A B S T R A C T

Traditional Chinese Zhenjiang aromatic vinegar (Kozu) contains Fraglide-1 (FG1), a bioactive lactone with 
demonstrated peroxisome proliferator-activated receptor gamma (PPARγ) agonist and antioxidant activities. This 
study explored FG1’s novel ability to antagonize the aryl hydrocarbon receptor (AhR) signaling pathway, which 
regulates artemin expression and contributes to itching and inflammation in atopic dermatitis. Through mo
lecular docking simulations and cell-based assays in human keratinocytes, we demonstrated FG1’s potent 
antagonistic activity against AhR signaling. FG1 effectively suppressed FICZ-induced inflammatory responses, 
including artemin expression, with potency (half maximal inhibitory concentration, IC50 = 5.1 μM) comparable 
to the synthetic antagonist StemRegenin 1 (SR1) while demonstrating a superior safety profile (median lethal 
concentration, LC50 > 100 μM vs. 27.5 μM for SR1). These findings expand our understanding of bioactive 
compounds from traditional fermented foods and their regulatory effects on AhR signaling, providing a foun
dation for future studies on FG1’s role in modulating skin inflammation.

1. Introduction

Fraglide-1 (5-hydroxy-4-phenyl-butenolide, FG1) is a bioactive 
lactone characterized by a four-carbon heterocyclic ring structure 
(Pubchem CID: 140781916). This compound was originally isolated 
from Kozu, a Chinese Zhenjiang aromatic vinegar (Yatmaz et al., 2017). 
Kozu, produced through the natural fermentation of glutinous rice fol
lowed by prolonged aging, represents a remarkable example of how 
traditional food processing can enhance the formation of beneficial 
compounds. This fermented condiment has been an integral part of 

Chinese cuisine and traditional medicine for millennia, valued for its 
potential to ameliorate lifestyle-related conditions. Our preclinical 
studies in mice [Patent: WO2016006548A1] demonstrated that FG1 
exhibits anti-obesity effects through activation of peroxisome 
proliferator-activated receptor γ (PPARγ) (Tsujino, 2017), leading to 
improved glucose metabolism via enhanced fatty acid oxidation through 
mitochondrial uncoupling protein 1 (UCP1, also known as thermogenin) 
(Gong et al., 2024). Beyond its metabolic benefits, FG1 has shown 
promising antifungal (Koshino et al., 1992; Dickschat, 2017) and anti
oxidant properties, with the latter mediated through the nuclear factor 
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erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE) 
pathway (Tabei et al., 2017).

Like FG1, flavonoids are a class of compounds with considerable 
therapeutic potential in functional foods. These naturally occurring 
polyphenolic compounds are found in a wide variety of plant foods and 
beverages (Kaushal et al., 2022). In addition to their dietary ubiquity, 
flavonoids share similarities with FG1, including their structures and 
their functionalities in modulating key cellular pathways such as PPARγ 
(Zhang et al., 2019) and Nrf2 (Huang et al., 2023). Recent studies have 
shown that flavonoids exhibit diverse biological activities beneficial to 
human health, including anti-inflammatory and anticancer effects. 
Compounds such as quercetin and epicatechin have demonstrated roles 
in inhibiting cancer cell proliferation (Aghababaei and Hadidi, 2023) 
and providing cardiovascular benefits (Ciumărnean et al., 2020). Recent 
studies have also identified flavonoids as AhR ligands (Goya-Jorge et al., 
2021).

AhR is a ligand-activated transcription factor that can be modulated 
by both dietary intake and direct exposure to bioactive compounds (Mo 
et al., 2020). While many food-derived compounds like FG1 show 
promising biological activities, their effectiveness can be limited by 
bioavailability and tissue distribution when consumed orally. However, 
AhR’s abundant expression in epidermal keratinocytes presents an op
portunity for direct topical application of these compounds, potentially 
achieving higher local concentrations at the target site. Upon encoun
tering an agonist, AhR is activated and translocates to the nucleus, 
where it forms a heterodimer with the AhR nuclear translocator (ARNT). 
This complex then binds to xenobiotic response elements (XRE) in the 
promoter regions of target genes. Recent studies have revealed that AhR 
plays a pivotal role in epidermal homeostasis and barrier function, 
particularly in the context of atopic dermatitis, by regulating the 
expression of artemin under its control (Hidaka et al., 2017; Edamitsu 
et al., 2019). Abnormal expression of artemin, driven by AhR signaling, 
leads to the aberrant extension of neurons toward the skin surface, 
contributing to the pathogenesis of atopic dermatitis. In atopic derma
titis lesions, this abnormal neuronal extension results in itching sensa
tions, further exacerbating the condition. Currently, evaluation of 
potential therapeutic agents for atopic dermatitis typically requires an
imal models such as NC/Nga mutant mice (Matsuda et al., 1997), but 
cell-based systems that can assess AhR modulation and artemin 
expression could provide an alternative approach with the 3Rs 
consideration.

Given these opportunities, we sought to investigate the potential of 
FG1 as an AhR ligand. We began our investigation with docking simu
lations to evaluate the interaction between FG1 and the AhR binding 
pocket, using the known interaction of apigenin, a well-characterized 
food-derived flavonoid, as a reference. Encouraged by these simula
tion results, we established a cell-based assay using a human skin ker
atinocyte cell line to measure the effects of FG1 on AhR-regulated gene 
expression, particularly artemin. Furthermore, we compared FG1’s ef
ficacy and safety with known AhR antagonists including StemRegenin 1 
(SR1). Our findings provide new insights into how FG1, a compound 
originally isolated from aromatic vinegar, regulates AhR signaling and 
could inform future studies on its role in managing atopic dermatitis 
through dietary supplementation or topical application, adding to its 
known anti-obesity, antifungal, and antioxidant effects.

2. Methods

2.1. Human AhR protein‒ligand docking simulations

Molecular modelling and docking simulations were performed using 
the molecular modelling and simulation programme YASARA ver. 
23.5.19 (YASARA Biosciences GmbH; Vienna, Austria, Krieger and 
Vriend, 2014). Residues Pro271 through Leu427 of the human AhR 
protein (PDB: 7ZUB, chain D) were extracted and used as the binding 
domain for docking. The 3D structures of apigenin, quercetin and FG1-1 

were obtained from PubChem (PubChem CID: 5280443, 5280343 and 
12864804, respectively). The other FG1 structure (FG1-2) was modified 
from that of FG1-1 (Supplementary Fig. S1). All the compound struc
tures were then energy minimized by the YASARA2 force field.

Ensemble docking simulations of apigenin, quercetin, and FG1 (FG1- 
1 and FG1-2) to the AhR-binding domain were performed. Ensemble 
docking involves docking a ligand to a receptor ensemble with flexible 
side chains. All residues within 5.0 Å of the original ligand in the PDB 
7ZUB protein binding pocket were selected for the docking site. Auto
Dock VINA (Trott and Olson, 2010, Eberhardt et al., 2021) was applied 
for YASARA ensemble docking, and the default settings were used for all 
calculations. The 20 ligand poses for each of the five receptors in the 
ensemble (for a total of 100 poses) were obtained, and the binding en
ergy of the poses was calculated using the AMBER03 force field. The 
docking pose with the maximum binding energy for each ligand was 
selected. The known AhR agonists/antagonists apigenin and quercetin 
aligned well in the simulation, confirming that the optimization of the 
simulation was successful.

2.2. Reporter cell line for AhR-dependent transcription

The method for establishing the stable cell line has been previously 
described in detail (Selvam et al., 2020; Liu et al., 2022). In summary, 
HaCaT cells obtained from the German Cancer Research Center (DKFZ, 
Heidelberg, Germany) were cultured in Dulbecco’s modified Eagle’s 
medium supplemented with 10% foetal bovine serum. These cells were 
transfected with pNL[NlucP/XRE/Hygro] (#CS186808; Promega Japan, 
Tokyo, Japan). After transfection, cells that consistently expressed the 
transgene were selected using hygromycin. The resulting cell line was 
referred to as "XRE-NLuc:HaCaT".

2.3. Reporter assays and cell viability measurements

Assays were performed as described previously (Sato et al., 2024). In 
brief, XRE-NLuc:HaCaT cells were seeded in a white 96-well plate with 
10,000 cells in 100 μl per well. After 24 h of culture, the culture su
pernatants were discarded. The cells were then treated with the test 
compounds diluted in culture medium and incubated for an additional 
23 h. Three microlitres of WST-1 assay reagent (#MK400; Takara Bio, 
Shiga, Japan) was added, and the mixture was incubated for 1 h. The 
culture supernatants were then transferred to a transparent 96-well 
plate, and absorbance was measured at 450 nm with a reference 
wavelength of 670 nm (A450-A670) using a microplate reader (iMark; 
Bio-Rad Japan, Tokyo, Japan) to determine cell viability. To the cells 
remaining in the white wells of the plate, 10 μl of NLuc substrate 
(#N1120, Promega) was added. After incubation for 5 min, the resulting 
luminescence was read using a GloMax® Navigator Microplate Lumin
ometer (Promega). The luminescence, which indicates reporter expres
sion, was then normalized relative to the absorbance-derived number of 
viable cells. In this study, a cell viability less than 70% was considered 
toxic.

The following agents were used for evaluation in this study, as 
summarized in Supplementary Table S1. FG1 (Fraglide-1, 5-hydroxy-4- 
phenyl-butenolide) was prepared in-house with a purity of >97%. FICZ 
(6-Formylindolo[3,2-b]carbazole) was obtained from ChemScene- 
Funakoshi (catalog #CS-3513, Tokyo, Japan) with >99% purity. CA 
(trans-cinnamaldehyde) was sourced from Nacalai (catalog #09024-72, 
Kyoto, Japan) at a purity of ≥98%. I3C (indole-3-carbinol) was pur
chased from LKT LABS-Funakoshi (catalog #I5213) with ≥98% purity. 
SR1 (StemRegenin 1) was acquired from ChemScene-Funakoshi (catalog 
#CS-1643) at a purity of ≥99%. Resveratrol was obtained from FUJI
FILM (catalog #185–01721, Osaka, Japan) with ≥98% purity. ITE (2- 
(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester) was 
purchased from TOCRIS-Funakoshi (catalog #1803, Tokyo, Japan) with 
a purity of ≥99%. IND (indirubin) was sourced from Toronto Research 
Chemicals-Funakoshi (catalog #I521350, Toyo, Japan) with ≥95% 
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purity. Glycerol was obtained from FUJIFILM (catalog #070–04941) at 
≥99% purity, and DMSO (dimethyl sulfoxide) was purchased from 
Nacalai (catalog #09659-14) with a purity of ≥99.5%.

To determine the relative cell viability, we used the following 
equation: Relative cell viability = [(A450 of cells exposed to test com
pound) - (A670 of cells exposed to test compound)]/[(A450 of cells 
exposed to vehicle) - (A670 of cells exposed to vehicle)]. For fold in
duction calculations, the formula was adapted to utilize luminescence 
values in lieu of absorbance readings. The median lethal concentration 
at which 50% of the cells were affected (LC50) was calculated using the 
following equation: LogLC50 = [(50 - c) × Log(b) - (50 - a) × Log(d)]/(a - 
c), where a is the minimum viability at which the cell viability is >50%, 
c is the maximum viability at which the cell viability is <50%, and b and 
d are the concentrations at which the cell viability is assessed. Both the 
IC50 (the concentration of a compound at which 50% of its maximal 
inhibitory effect is observed) and the EC50 (the concentration of a 
compound at which 50% of its maximal effect is observed) were calcu
lated using the LC50 formula but replacing the viability with fold in
duction values. To determine the maximum induction, we plotted the 
fold induction against the respective concentrations. The data were then 
subjected to curve fitting using an Excel plot chosen based on its fit to 
our dataset. The point at which the maximum induction occurred on the 
fitted curve was identified to estimate the corresponding concentration.

2.4. cDNA preparation and qPCR

cDNA preparation and qPCR were performed as described previously 
(Kyunai et al., 2023). Briefly, total RNA was extracted and reverse 
transcribed using a SuperPrep II Cell Lysis & RT Kit for qPCR 
(#SCQ-401; Toyobo, Tokyo, Japan) according to the manufacturer’s 
instructions. The obtained cDNA was subjected to quantitative poly
merase chain reaction (qPCR) with THUNDERBIRD Next SYBR qPCR 
Mix (#QPX-201, Toyobo) according to the manufacturer’s protocol 
using the StepOne Real-Time PCR System (Thermo Fisher Japan, Tokyo, 
Japan). The expression of each gene obtained by qPCR was normalized 
to that of GAPDH. The primer sets used in this study are listed in Sup
plementary Table S2.

2.5. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and 
western blotting

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS–PAGE) and western blotting were performed as described previ
ously (Sato et al., 2024). Cell lysates were prepared in lysis buffer (10 
mM HEPES-KOH, pH 7.4; 100 mM KCl; 1 mM MgCl2; 1% Triton X-100; 
and protease inhibitor cocktails (Nacalai, Kyoto, Japan)). After incu
bation for 10 min on ice, the lysate was clarified by centrifugation at 14, 
000×g for 10 min. The supernatants were then subjected to SDS–PAGE 
on a 7.5% gel (Bio-Rad, Hercules, CA, USA). The proteins were elec
trotransferred to polyvinylidene fluoride or polyvinylidene difluoride 
membranes (pore size: 0.45 μm; Merck Group Japan, Tokyo, Japan). The 
proteins on the membrane were detected by incubation with diluted 
anti-ARNT (Santa Cruz Biotechnology, Cosmo Bio Co., Ltd., Tokyo, 
Japan) and anti-γ-tubulin (Sigma, Sigma‒Aldrich Japan, Tokyo, Japan) 
antibodies followed by incubation with HRP-conjugated anti-mouse 
immunoglobulin G (Cell Signaling Technology, CST Japan, Tokyo, 
Japan) using a charge-coupled device camera.

2.6. Statistical analysis

The data were analyzed using Student’s t-test for independent sam
ples. A P value less than 0.05 was considered to indicate statistical sig
nificance. LOAEL and NOAEL values were determined from dose- 
response data by identifying the lowest concentration at which statis
tically significant effects were observed (LOAEL) or no significant effects 
were detected (NOAEL) compared to the control. All analyses were 

performed with Microsoft Excel for Mac (version 16).

3. Results

3.1. Docking simulations revealed that the natural compound FG1 
interacts with AhR similarly to flavonoids

To understand how this vinegar-derived bioactive compound might 
interact with its molecular target, we first compared FG1’s structure 
with those of well-known food-derived AhR ligands. Given the structural 
similarities between dietary flavonoids and FG1, we performed docking 
simulations of the flavonoids quercetin and apigenin, the latter being a 
well-characterized AhR ligand (Jin et al., 2018), and two stereoisomers 
of FG1 (FG1-1 and FG1-2) with AhR (Supplementary Fig. S1). FG1 exists 
as stereoisomers, but their relative abundances in natural sources, such 
as vinegar, are not yet known. As shown in Fig. 1a, common dietary 
flavonoids quercetin (gray) and apigenin (magenta) exhibited similar 
docking patterns to AhR, forming π-π and CH-π interactions with His291, 
Phe295, Pro297, Phe 324, Ile325, Phe351, and Leu353. Notably, the 
docking pose of FG1-1 (orange, Fig. 1b) was similar to that of apigenin. 
This alignment of FG1-1 with apigenin (magenta, Fig. 1b) suggested that 
FG1 could modulate the AhR signaling pathway in a manner similar to 
these dietary flavonoids. Fig. 1c shows the alignment of the docking 
poses of FG1-1 (orange) and FG1-2 (purple). Although FG1-2 binds to 
AhR in a different mode than does FG1-1, the phenyl groups of both 
isomers occupy the same area in the binding pocket, suggesting that 
each of these two groups may affect the function of AhR.

3.2. FICZ induces artemin expression in epidermal cells

To validate the effects of FICZ, a known AhR agonist, on atopic 
dermatitis-related gene expression, we performed qPCR to determine if 
it would induce mRNA expression of artemin and thymic stromal lym
phopoietin (TSLP), both of which are found in atopic dermatitis lesions 
(Hidaka et al., 2017; Edamitsu et al., 2019). As expected, FICZ 
dose-dependently increased the mRNA levels of these genes (Fig. 2a and 
b), supporting the use of AhR agonist-treated cells as a model for atopic 
dermatitis-like conditions. The qPCR data shown in Fig. 2a is also sup
ported by our published RNA sequencing data (BioProject: 
PRJDB17333). These results confirm previous findings that artemin 
upregulation is mediated by AhR agonists (Hidaka et al., 2017; Edamitsu 
et al., 2019) and indicate that monitoring AhR activation or inhibition 
can reflect changes in artemin expression in this system.

3.3. Development and validation of a cell-based assay system for AhR 
modulation

Having established that FICZ induces expression of atopic dermatitis- 
related genes, we sought to develop a quantitative system to screen for 
compounds that could modulate AhR activity. To determine the poten
tial effect of natural compounds, including FG1, on AhR-dependent 
transcription, we established a HaCaT human keratinocyte cell line 
stably exp.ressing NanoLuc luciferase under three XRE motifs (CACGC) 
(Fig. 3a: vector map; Fig. 3b: cell image, Bak et al., 2017). The stable 
integration of the reporter construct into the genome allows for 
consistent expression of the transgene, providing an advantage over 
transient transfection systems.

We first validated this cellular assay system using established AhR 
agonists such as 6-formylindolo(3,2-b), carbazole (FICZ), indirubin 
(IND), 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl 
ester (ITE), and indole-3-carbinol (I3C) (Hubbard et al., 2015). The 
tryptophan derivative FICZ, an endogenous AhR agonist (Rannug and 
Rannug, 2018), showed a dose-dependent response with peak induction 
noted at 500 nM and an EC50 of 12 nM (Fig. 3c). Fig. 3d presents the 
corresponding effects on cell viability. Validation extended to other 
endogenous AhR ligands, including IND, and dietary metabolites like 
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ITE and I3C, further confirming the system’s robustness. Table 1 sum
marizes the respective EC50 and LC50 values calculated from the data 
shown in Supplementary Fig. S2. Comparison of our results with 
external studies revealed consistent responses to these recognized AhR 
agonists (Rannug and Rannug, 2018; Adachi et al., 2001; Hubbard et al., 
2015; Song et al., 2002; Aggarwal and Ichikawa, 2005). This consistency 
confirms the assay’s reliability and reproducibility for screening AhR 
modulators. Glycerol, used as a negative control, showed no induction of 
reporter expression, confirming the specificity of our assay system for 
AhR-mediated responses.

Having validated our reporter system with agonists, we next evalu
ated the effects of known AhR antagonists including StemRegenin 1 
(SR1) (Boitano et al., 2010), cinnamaldehyde (CA) (Uchi et al., 2017), 
and resveratrol (Casper et al., 1999; Revel et al., 2003). The vehicle 
control (DMSO) was set as the reference value (1.0) for relative lucif
erase activity. As shown in Fig. 4a–d, these AhR antagonists suppressed 
reporter expression in a dose-dependent manner. Table 2 summarizes 
the 50% inhibitory concentration (IC50) values calculated from Fig. 4a–d 
and LC50 values from Supplementary Fig. S2. Using the same assay 
conditions, we found that FG1 suppressed reporter activity in a 
dose-dependent manner, with an IC50 of 5.1 μM. Notably, FG1 exhibited 
similar potency to SR1 but demonstrated a substantially improved safety 
profile, with an LC50 value > 100 μM compared to SR1’s LC50 of 27.5 μM 
(Table 2).

The lowest observed adverse effect level (LOAEL) for FG1 was 
identified as 1.56 μM, the same as SR1, based on its significant sup
pression of AhR reporter activity (Fig. 4a–d). For cell viability, FG1’s no 
observed adverse effect level (NOAEL) was determined to be 100 μM, 
significantly higher than SR1’s NOAEL of 6.25 μM, as shown in Sup
plementary Fig. S2. These results demonstrate that FG1 is as potent as 

Fig. 1. Molecular docking analysis of FG1 and flavonoids with AhR 
Docking simulations of quercetin, apigenin and FG1 to the AhR-binding domain 
(PDB ID: 7ZUB, chain D) were performed using YASARA. The 3D structures of 
quercetin, apigenin and FG1-1 were obtained from PubChem (CID 5280343, 
5280443 and 12864804, respectively), and all energies were minimized using 
the YASARA2 force field. The docking pose with the maximum binding energy 
calculated using the AMBER03 force field for each ligand was selected. (a) 
Alignment of quercetin (gray) and apigenin (magenta) docked to the AhR- 
binding domain. (b) Alignment of the docking patterns of FG1 (orange) and 
apigenin (magenta) to the AhR-binding domain. (c) Alignment of the docking 
positions of the FG1 stereoisomers FG1-1 (orange) and FG1-2 (purple) to the 
AhR-binding domain. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 2. FICZ induces inflammation-related genes in epidermal cells 
(a, b) Expression of inflammation-related genes, artemin and TSLP mRNA, after 
FICZ treatment. Cells were exposed to indicated concentrations of FICZ for 24 h. 
Results are expressed as fold changes relative to vehicle control. Error bars 
indicate standard deviations (SDs; n = 2–4). *P < 0.05, **P < 0.01 vs vehicle 
control (Student’s t-test).
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SR1 in modulating AhR signaling but exhibits a much safer profile.

3.4. FG1 effectively suppresses FICZ-induced AhR signaling in a cellular 
model of skin inflammation

Following our validation of the reporter system, we next investigated 
FG1’s potential to modulate AhR signaling in a disease-relevant context. 
Given that genes associated with the onset and exacerbation of atopic 
dermatitis are regulated by AhR (Hidaka et al., 2017; Edamitsu et al., 
2019), we developed a cellular model where exposure to the AhR 
agonist FICZ could mimic inflammatory skin conditions. To test poten
tial modulators, XRE-NLuc:HaCaT cells were treated with FICZ in 
combination with FG1, SR1 (Boitano et al., 2010) or CA (Uchi et al., 
2017) to evaluate their antagonistic effects. The data are presented as 
percent inhibition, where 0% represents the FICZ-induced response 
without antagonist, and 100% represents complete suppression of FICZ 
effects.

As shown in Fig. 4e, both FG1 and SR1 showed potent antagonism of 
FICZ-induced reporter expression, with IC50 values of approximately 6.7 
and 5.2 μM, respectively. These values were slightly different from the 
IC50 values obtained without FICZ induction (1.6 and 5.1 μM, respec
tively), as shown in Table 2 and Fig. 4a–d, but remained comparable. In 
contrast, CA showed limited antagonistic effects, with maximal inhibi
tion not exceeding 50% under the tested conditions. Consistent with 
earlier results, FG1 maintained cell viability with an LC50 of over 100 
μM, while SR1’s LC50 was approximately 27.5 μM (Supplementary 
Fig. S2 and data not shown).

To further validate FG1’s effects, we evaluated its ability to suppress 
FICZ-induced artemin expression, a key factor in atopic dermatitis 
pathogenesis. Fig. 4f shows the percent inhibition of FICZ-induced 
artemin expression by FG1, where 0% indicates no inhibition (full 
FICZ response) and 100% represents complete suppression of the FICZ 
effect. FG1 showed dose-dependent inhibition, with 0.1 μM FG1 
achieving approximately 50% inhibition and 1 μM FG1 reaching nearly 
complete suppression. This finding is consistent with the observation 
that artemin is minimally expressed in typical keratinocytes. Thus, FG1 
restored the expression level of artemin to its natural state in a dose- 
dependent manner, demonstrating FG1’s potential for modulating 
artemin expression in skin conditions characterized by its abnormal 
regulation.

3.5. FG1 modulates ARNT levels to regulate AhR signaling

To further elucidate the molecular basis of FG1’s modulatory effects, 
we investigated the mechanisms underlying its antagonism of AhR 
signaling. The AhR signaling cascade begins when AhR translocates to 
the nucleus upon binding to its agonist. In the nucleus, AhR forms a 
heterodimer with ARNT, which then binds to XRE to activate down
stream gene expression. ARNT availability is a critical factor in this 
process, as it serves as a cofactor not only for AhR but also for other 
transcriptional pathways. Furthermore, the AhR repressor (AhRR) can 
compete with AhR for ARNT binding, inhibiting AhR-dependent tran
scription (Mimura et al., 1999).

Given ARNT’s essential role in AhR signaling, we examined whether 
FG1 modulates ARNT and AhRR levels to alter transcription. As shown 
in Fig. 5a, FG1 dose-dependently increased AhR mRNA levels while 
decreasing ARNT mRNA levels. FG1 had no discernible effect on AhRR 
expression. These findings are supported by our published RNA 
sequencing data (BioProject: PRJDB13927). At the protein level, west
ern blot analysis confirmed that FG1 treatment reduced ARNT levels in a 
dose-dependent manner, with approximately a 50% decrease observed 
(Fig. 5b). These results suggest that FG1 modulates AhR signaling by 
reducing ARNT levels, potentially limiting its availability for AhR- 
mediated transcription.

Fig. 3. Validation of reporter cells for AhR-dependent transcription 
The human keratinocyte cell line HaCaT was stably transformed to express the 
NanoLuc reporter gene (NLucP) driven by three artificially introduced XRE 
sequences (XRE1, XRE2, and XRE3) and a minimal promoter. (a) Vector map. 
The vector contains NanoLuc reporter gene (NLucP) under the control of three 
XRE sequences and a minimal promoter, along with hygromycin resistance gene 
(Hyg R) for selection. (b) XRE-NLuc:HaCaT cells. Scale bar, 250 μm. (c) 
Response to the AhR agonist FICZ. Cells were treated with indicated concen
trations of FICZ for 24 h. Data are expressed as fold changes in reporter 
expression relative to vehicle control. Error bars represent SEMs (n = 4, bio
logical triplicates). *P < 0.05, **P < 0.01 compared with vehicle. (d) Cell 
viability under the same conditions. Error bars represent SEMs (n = 4).

Table 1 
AhR agonists used in this study.

#CAS Maximum induction 
(μM)

EC50 

(μM)
LC50 

(μM)

literaturea,b this 
study

this 
study

this 
study

FICZ (6-Formylindolo 
[3,2-b]carbazole)

172922- 
91-7

1b 0.5 0.012 >1

I3C (indole-3- 
carbinol)

700-06- 
1

– 175 11 >700

ITE (2-(1′H-indole-3′- 
carbonyl)-thiazole- 
4-carboxylic acid 
methyl ester)

448906- 
42-1

10b 25 1.3 >100

IND (Indirubin) 479-41- 
4

5~10a 0.25 0.0006 >1

a (Novotna et al., 2011).
b (Satsu et al., 2015).
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4. Discussion

In this study, we investigated the potential of FG1, a natural com
pound from traditional fermented vinegar. While FG1 was initially 
identified in Zhenjiang aromatic vinegar, quantitative analysis has 
confirmed its presence across various traditional Asian rice vinegars 
(Yatmaz et al., 2017), suggesting broader relevance as a bioactive 
compound in fermented rice products. Our investigation was guided by 

structural similarities between FG1 and dietary flavonoids, which can 
act as AhR agonists or antagonists depending on the cellular context 
(Goya-Jorge et al., 2021). Through molecular docking simulations, we 
demonstrated that FG1 binds to AhR in a manner similar to apigenin, a 
well-characterized dietary flavonoid. Using our NanoLuc reporter sys
tem in keratinocytes, we validated FG1’s potent antagonistic activity, 
showing comparable potency to known AhR antagonists but with a su
perior safety profile. In a cellular model of skin inflammation, where the 

Fig. 4. FG1 demonstrates AhR antagonism and suppresses FICZ-induced effects 
(a-d) Cells were treated with the indicated concentrations of SR1, CA, resveratrol, or FG1 for 24 h. Data are expressed as fold changes in reporter expression relative 
to the vehicle control. Values below 1.0 indicate suppression of basal reporter expression. Error bars represent SEM (n = 4 independent experiments, biological 
triplicates). *P < 0.05 vs. no drug (in a and d only). (e) Cells were treated with 5 μM FICZ together with the indicated concentrations of FG1 (circles), CA (triangles), 
or SR1 (squares) for 24 h. Data represent the percent inhibition of FICZ-induced reporter expression. Error bars represent SEM (n = 3). (f) Effects of FG1 on artemin 
expression determined by qPCR. Cells were treated with 5 μM FICZ and the indicated concentrations of FG1 for 24 h. Data represent the percent inhibition of FICZ- 
induced artemin expression. Error bars indicate SD (n = 3). *P < 0.05 vs. no FG1.
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AhR agonist FICZ was used to mimic atopic dermatitis conditions, FG1 
effectively suppressed artemin expression in a dose-dependent manner 
(Fig. 4f). At the molecular level, we discovered that FG1 modulates AhR 
signaling through ARNT attenuation, supported by decreases in ARNT 
mRNA and protein levels (Fig. 5a and b).

The comparisons of LOAEL and NOAEL comfirm FG1’s safety 
margin. While FG1 and SR1 shared the same LOAEL for AhR inhibitory 
effects (1.56 μM, Fig. 4a–d), FG1 exhibited a significantly higher NOAEL 
for cell viability (100 μM vs. 6.25 μM for SR1, Supplementary Fig. S2). 
These findings indicate a broader therapeutic window for FG1 and a 
lower risk of adverse effects at higher concentrations, reinforcing its 
improved safety profile compared to SR1.

Structure-based searches revealed compounds with similar lactone 
scaffolds exhibiting diverse bioactivities. For example, Ganomycin I 
(PubChem CID: 46186831), isolated from mushrooms, shares structural 
features with FG1 and demonstrates inhibitory effects on α-glucosidase, 
HMG-CoA reductase, and HIV protease, along with anti-diabetic and 
anti-osteoclastogenesis properties. Another structurally related com
pound (CID: 44390691) inhibits nitric oxide synthesis. These findings 
suggest lactone-containing natural products may have broad therapeutic 
potential through multiple molecular targets.

Beyond its effects on AhR, FG1 was initially identified as a PPARγ 
agonist. PPARγ is predominantly expressed in adipocytes, where it plays 
a key role in regulating growth, functionality, and senescence. Recent 
evidence suggests that AhR modulates PPARγ protein stability through 
its function as a substrate receptor for the CUL4B-RING E3 ubiquitin 
ligase (CRL4B) complex, which marks target proteins, including PPARγ, 
for proteasomal degradation (Dou et al., 2019; Torti et al., 2021). These 
dual functions of AhR—transcriptional regulation and protein degra
dation—may be reciprocally regulated. In our HaCaT cell model, how
ever, PPARγ did not respond to FG1 treatment (Supplementary Fig. S3), 
despite increased AhR expression (Fig. 5a) and enhanced overall ubiq
uitination (Supplementary Fig. S4). These findings suggest that FG1’s 
effects on PPARγ may depend on tissue or cell type, with cellular context 
playing a critical role in modulating these pathways.

Following the identification of FG1 as a PPARγ agonist, its antioxi
dant properties were reported as another key bioactivity (Tabei et al., 
2017). In addition to its role in mitigating oxidative stress, Nrf2 acti
vation has been shown to increase hypoxia-inducible factor 1-alpha 
(HIF1α) expression and activity, influencing hypoxia-related pathways 
(Haddad et al., 2000; Luo et al., 2022). Interestingly, FG1 induced 
expression of HIF1α and vascular endothelial growth factor A (VEGFA), 
a gene regulated by hypoxia response elements (HREs) (Supplementary 
Fig. S5), suggesting that FG1 activates HRE-regulated genes through 
HIF1α. Given that both HIF1α and AhR signaling require ARNT as a 
cofactor, the activation of HIF1α by FG1 may antagonize AhR by 
sequestering ARNT. FG1-induced increases in HIF1α and VEGFA suggest 
a mechanism involving the interconnected roles of ARNT in both HRE- 
and XRE-mediated transcription. FG1 may modulate ARNT availability, 
altering the balance between AhR signaling and HIF1α-driven pathways.

While this study provides novel insights into FG1’s role as an AhR 
antagonist and its potential mechanisms, several limitations warrant 
further investigation. First, the experiments were conducted primarily in 
the HaCaT cell line, which, although widely used in skin research, may 
not fully capture the complexity of atopic dermatitis pathogenesis. 
Additional studies using more physiologically relevant systems, such as 
3D skin models or primary keratinocyte cultures, are needed to validate 
FG1’s effects in more clinically relevant contexts.

Second, while docking simulations provided valuable insights into 
FG1’s interaction with the AhR binding pocket, they represent a static 
view and may not fully account for the dynamic nature of ligand bind
ing. Further experimental validation, including binding assays, time 
kinetics, and competition studies, will be essential to confirm these in
teractions. The establishment of AhR-deficient or modified HaCaT cells 
could also offer a more direct approach to evaluate FG1’s specific effects 
on AhR signaling. However, multiple attempts to generate such cell lines 
were unsuccessful, possibly due to the essential role of AhR in kerati
nocyte homeostasis.

Third, while FG1’s in vivo activity has been demonstrated in mouse 
models, where it conferred resistance to high-fat diet-induced obesity 
[Patent: WO2016006548A1], the current study did not investigate its 

Table 2 
AhR antagonists used in this study.

#CAS IC50 (μM) LC50 

(μM)

literaturea,b,c this 
study

this 
study

FG1 (Fraglide-1, 
5H4PB)

78920–11–3 - 5.1 >1000

CA (trans- 
cinnnamaldehyde)

104–55–2 ~22a 48.5 55.8

SR1 (StemRegenin 1) 1227633–49–9 0.127b 1.6 27.5
Resveraorol 501–36–0 6c 8.5 >100

a (Uchi et al., 2017).
b (Boitano et al., 2010).
c (Cheng et al., 2023).

Fig. 5. Effects of FG1 on AhR signaling components 
(a) Expression of AhR, ARNT, and AhRR mRNA levels determined by qPCR. 
Cells were treated with the indicated concentrations of FG1 for 24 h. Data are 
expressed as fold changes relative to the untreated control. Error bars represent 
standard deviations (SDs; n = 2–3). (b) (b) ARNT protein levels after FG1 
treatment. Cell lysates were analyzed by western blotting using the indicated 
antibodies. γ-Tubulin served as a loading control. Values below the blot 
represent ARNT levels normalized to γ-tubulin, expressed as a percentage of the 
untreated control.
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effects on skin conditions or AhR-mediated pathways in vivo. Future 
studies are needed to assess whether FG1’s observed effects on AhR 
signaling and artemin expression translate to therapeutic benefits in 
preclinical models of atopic dermatitis. Additionally, given AhR’s 
abundant expression in epidermal keratinocytes, topical application of 
FG1 might offer a promising therapeutic approach by achieving higher 
local concentrations while minimizing systemic exposure. The concen
tration of FG1 in traditional Zhenjiang aromatic vinegar suggests that 
relevant doses could be achieved through dietary sources (Yatmaz et al., 
2017), but comprehensive bioavailability studies are necessary to 
confirm this. Further research is also needed to comprehensively profile 
FG1 content across different vinegar-producing regions and microbial 
strains to better understand its natural distribution and production.

Finally, while FG1’s antioxidant and Nrf2-activating properties 
suggest potential benefits in mitigating oxidative stress, this study did 
not directly examine the interplay between its antioxidant activity and 
AhR signaling in vivo. Exploring this connection further could provide a 
more comprehensive understanding of FG1’s mechanisms and thera
peutic relevance.

5. Conclusions

Our study demonstrates that FG1, a natural compound from tradi
tional fermented vinegar, functions as a safe and potent AhR antagonist 
in epidermal cells. FG1 effectively suppressed FICZ-induced effects 
while exhibiting a favorable safety profile, making it a promising 
candidate for further toxicological evaluations in skin conditions where 
AhR signaling contributes to pathogenesis. The concentration of FG1 in 
traditional Zhenjiang aromatic vinegar suggests that relevant doses 
could be achieved through dietary sources (Yatmaz et al., 2017). Future 
research should focus on quantifying FG1 intake from typical vinegar 
consumption and assessing its bioavailability, as well as evaluating its 
potential as a topical agent to achieve higher local concentrations. These 
studies would provide critical insights into FG1’s safety and efficacy as a 
modulator of AhR signaling.
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